In 1996, U.S. Food and Drug Administration regulations mandated the fortification of enriched cereal-grain products with folic acid, thereby emphasizing the need for validated methods for total folates in foods, particularly cereal products. The AOAC Official Methods (944.12, 960.46) currently used for the analysis of folate in foods for compliance purposes are microbiological methods. When the fortification regulations were finalized, no Official AOAC or Approved AACC methods for folate in cereal-grain products were in place. The AOAC Official Method (992.05) for folic acid in infant formula does not incorporate important improvements in the extraction procedure and was not considered suitable for the analysis of folates in foods in general. A microbiological assay protocol using a trienzyme extraction procedure was prepared and submitted for comments to 40 laboratories with recognized experience in folate analysis. On the basis of comments, the method was revised to have the conjugase (gamma-glutamyl-carboxy-peptidase) treatment follow a protease treatment, to include the use of cryoprotected inoculum, and to include the spectroscopic standardization of the standard and optional use of microtiter plates. Thirteen laboratories participated in a collaborative study of 10 required and 10 optional cereal-grain products, including flour, bread, cookies, baking mixes, and ready-to-eat breakfast cereals. The majority of the participating laboratories performed the assay by the standard test tube method; others used the microtiter plate modification for endpoint quantitation with equal success. For the required products, the relative standard deviation between laboratories (RSD R ) ranged from 7.4 to 21.6% for 8 fortified (or enriched) products compared with expected (Horwitz equation-based) values of 11-20%. RSD R values were higher (22.7-52.9%) for 2 unfortified cereal-grain products. For the optional products, the RSD R ranged from 1.8 to 11.2% for 8 fortified products. RSD R values were higher (27.9-28.7%) for 2 unfortified cereal-grain products. Based on the results of the collaborative study, the microbiological assay with trienzyme extraction is recommended for adoption as Official First Action.
In 1996, U.S. Food and Drug Administration regulations mandated the fortification of enriched cereal-grain products with folic acid, thereby emphasizing the need for validated methods for total folates in foods, particularly cereal products. The AOAC Official Methods (944.12, 960.46) currently used for the analysis of folate in foods for compliance purposes are microbiological methods. When the fortification regulations were finalized, no Official AOAC or Approved AACC methods for folate in cereal-grain products were in place. The AOAC Official Method (992.05) for folic acid in infant formula does not incorporate important improvements in the extraction procedure and was not considered suitable for the analysis of folates in foods in general. A microbiological assay protocol using a trienzyme extraction procedure was prepared and submitted for comments to 40 laboratories with recognized experience in folate analysis. On the basis of comments, the method was revised to have the conjugase (gamma-glutamyl-carboxy-peptidase) treatment follow a protease treatment, to include the use of cryoprotected inoculum, and to include the spectroscopic standardization of the standard and optional use of microtiter plates. Thirteen laboratories participated in a collaborative study of 10 required and 10 optional cereal-grain products, including flour, bread, cookies, baking mixes, and ready-to-eat breakfast cereals. The majority of the participating laboratories performed the assay by the standard test tube method; others used the microtiter plate modification for endpoint quantitation with equal success. For the required products, the relative standard deviation between laboratories (RSD R ) ranged from 7.4 to 21.6% for 8 fortified (or enriched) products compared with expected (Horwitz equation-based) values of 11-20%. RSD R values were higher (22.7-52.9%) for 2 unfortified cereal-grain products. For the optional products, the RSD R ranged from 1.8 to 11.2% for 8 fortified products. RSD R values were higher (27.9-28.7%) for 2 unfortified cereal-grain products. Based on the results of the collaborative study, the microbiological assay with trienzyme extraction is recommended for adoption as Official First Action. F olate and its polyglutamyl homologs (Figure 1 ) are essential vitamins for humans. Naturally occurring folates are reduced derivatives; fully oxidized folic acid is only found in the diet when foodstuffs are fortified or enriched (i.e., supplemented with folic acid) or when naturally occurring folates are oxidized. Deficiency of folate leads to megaloblastic anemia and a general impairment of cell division that is more apparent in tissues that turn over rapidly (e.g., the hematopoietic system and cells lining the digestive tract). Weakness, tiredness, diarrhea, and anorexia are associated with folate deficiency. Recent studies have provided evidence that folate supplementation reduces the incidence of neural tube defects in certain high-risk populations (1-4). Studies are currently in progress to determine whether folate deficiency per se may contribute to the development of atherosclerosis (5, 6) .
In 1996, the U.S. Food and Drug Administration (FDA) finalized regulations mandating the fortification of enriched cereal-grain products with folic acid. Accurate measurement of folate content of foods is essential for purposes of food labeling and for the development of databases of folate content of foods.
For food labeling and database purposes, folates have traditionally been analyzed with microbiological assays, such as AOAC Official Methods 944.12, 992.05, and 960.46. AOAC Official Method 992.05 uses a conjugase enzyme treatment during extraction for conversion of the polyglutamyl vitamers to folic acid. Advances in folate methodology were made by a number of workers (7) (8) (9) (10) (11) (12) (13) . In 1990, DeSouza and Eitenmiller (14) showed that the use of protease and amylase in addition to the conjugase significantly increased the measured level of folate in foods. Also in 1990, Martin et al. (15) demonstrated the broad applicability of the trienzyme (conjugase, protease, and amylase) methodology to a wide variety of foods. Other researchers (16) (17) (18) (19) further demonstrated the application of the trienzyme system. Finally, in 1998, Rader et al. (20) found that digesting the test portion with protease followed by a protease deactivation step before treatment with the other enzymes resulted in the highest measured folate level (Table 1) . Laboratories performing the basic AOAC Official Methods were applying the trienzyme procedure in a variety of ways, including the use of microtiter plates instead of test tubes for the determinative Lactobacillus casei growth and turbidity measurement steps.
Although the microbiological assay for folate was used for several decades, significant differences in scientific opinion existed regarding the optimum procedures. To ascertain that the optimum method would be collaboratively studied, a complete review of the literature was undertaken, a method based on the review was drafted in AOAC format, and input from analysts active in folate analysis was sought. The method was submitted to 40 laboratories active in folate analysis for comment and feedback. The written method was revised and the microtiter plate end point measurement option was included. Based on the comments of the laboratories, the final version of the method intended for collaborative study was prepared.
Collaborative Study
For the collaborative study, cereal-based products with a range of protein, fat, and carbohydrate (fiber and starch) were selected ( Table 2) . Products were selected to cover a wide range of folate levels, including both fortified and unfortified products. Results from individual test samples were used to determine overall variability (SD R , R, and RSD R ). Twenty different test samples were prepared by grinding, homogenizing, sealing in glass jars, and encoding.
All food products for the collaborative study were purchased at local supermarkets in quantities adequate to ensure that homogeneous test samples would be supplied to all collaborators. After grinding (if necessary), test samples were mixed to ensure homogeneity, sealed in glass jars, encoded, and placed in the dark for storage until shipment. Collaborators were provided with instructions to analyze individual test samples and report the results. Collaborators were provided with 2 sets of test samples: one set of 10 was labeled "required" and were to be analyzed first. The second set was labeled "optional" to allow the laboratory to analyze them as time and resources allowed. Laboratories were given the option of using the test tube method, the microtiter plate method, or both. Because laboratories conducting this study were generally familiar with microbiological assays, no practice samples were supplied. Laboratories were encouraged, but not required, to purchase and include NIST SRM 1846 as a reference material for the study. SRM 1846, available from the National Institutes of Standards and Technology (NIST), is a spray-dried, milk-based infant formula. The mass fraction value for folic acid in this material is 1.29 ± 0.28 mg/kg. SRM 1846 was also included as an unknown test sample among those sent as part of the required examination set. (Applicable to cereal grains and cereal grain foods containing added folate (folic acid) or natural occurring folates with levels from 7.6 mg/100 g to 100% folate.)
See Table 2004 .05A for the results of the interlaboratory study supporting acceptance of the method.
Caution: See Appendix B for laboratory safety.
(1) Ammonium hydroxide. (2) (pteroylglutamic acid) is extracted from the matrix by a triple enzyme system. A protease and an amylase are used to digest the food matrix and aid in the release of folates. Desiccated chicken pancreas conjugase is used to hydrolyze folylpolyglutamates to folyldiglutamates which, along with folic acid, can be used by the assay organism. The freed folates are extracted and diluted with basal medium containing all required growth nutrients except folate, and the turbidity of the Lactobacillus casei subspecies rhamnosus growth response for the test samples is compared quantitatively to that of known standard solutions. The method allows the optional use of 96 well microtiter plates and a microplate reader in place of the standard test tube system for semiautomated turbidity determination. (r) Optional microtiter plate system.-96 Well microtiter plate reader and 96 well microtiter plates. A reader with appropriate filter(s) for 570-630 nm and efficient software for calculation is suitable. Note: For some plate reader systems, blackwall microtiter plates may be necessary to prevent deviations in readings between edge row wells and center row wells. Use of microtiter plate systems requires filter-sterilization of solutions using 0.22 mm sterilization filter units (15 and 500 mL, and 1 L), available as Nalge Disposable Filterware (Nalge Nunc International, Rochester, NY) or Corning Disposable Filterware (Corning, NY).
B. Apparatus and Materials

C. Reagents
Use distilled or double-distilled water throughout. Folic acid, mg/mL = absorbance/absorptivity´dilution factor´1000´MW where absorptivity = 27 600 at 282 nm and 7200 at 346 nm, MW = 441.4.
(2) Working standard solution.-1 mg/mL. Dilute 5 mL stock solution to ca 475 mL with water and adjust pH to ca 7.5 with HCl. Dilute to 500 mL with water. Prepare fresh on day of use. This will be diluted further when standards are run in parallel with samples. For 96 well plates, add 5 mL sterile saline to 2.0 mL solution direct from freezer. Mix on a Vortex mixer. Use this suspension as working inoculum.
E. Preparation of Test Solutions
(a) Product preparation.-Grind solids to pass 40 mesh sieve and store in air-tight containers, free from light exposure.
(b) Hydrolysis and extraction.-Use distilled water unless otherwise indicated.
(1) Standard.-10 ng/mL. Pipet 1.0 mL working standard solution (1 mg/mL), C(vv)(2), to 125 mL Erlenmeyer flask containing 20 mL phosphate buffer, pH 7.8, C(gg), mix, and add 30 mL water.
(2) Test samples.-Accurately weigh test portion equal to 0.25-1.0 g dry basis solids containing ca 1 mg folic acid into respective 125 mL Erlenmeyer flask. Add 20 mL phosphate buffer, pH 7.8, and mix thoroughly. (If product is low in folate, do not take >1.0 g. To compensate for lower levels, use a larger aliquot in the second serial dilution below.) Dilute with water to 50 mL. Add 0.1-1.0 mL octanol (antifoam) to all flasks. Cover flasks with 50 mL beaker, autoclave 15 min at 121°-123°C, and cool. Add additional 10 mL buffer to each flask. Add 1 mL protease solution and incubate 3 h at 37°C. Inactivate enzyme by autoclaving (or placing in boiling water bath) 3 min at 100°C, and cool. Add 1 mL alpha-amylase solution to each flask, cover, and incubate 2 h at 37°C. Add 4 mL conjugase solution, cover, and incubate 16 h at 37°C. Inactivate enzymes by autoclaving 3 min at 100°C, and cool. Adjust tests and standards to pH 4.5 with HCl (1 + 1) and dilute to 100 mL with water. Filter ca 20 mL through 2V filter paper. Use of Celite is acceptable to obtain clear filtrate. (Note: Filtered solutions can be set aside in the dark at 4°C overnight.) (3) Options.-For standard tube/spectrometer assay, proceed to next step, E(c). If using 96 well microtiter plate, filter-sterilize ca 5 mL filtered solution, using 0.22 mm filter system, into sterile screw-cap vials and store in dark at 4°C until ready to assay. Proceed directly to F(b).
( Prepare twenty-one 20´150 mm tubes to contain 0, 0, 0.02, 0.04, 0.06, 0.08, and 0.10 ng/mL folic acid by adding in triplicate 0, 0, 1, 2, 3, 4, and 5 mL diluted (0.3 ng/mL) standard extract, E(c), into the tubes. Three 0 mL tubes will be used as uninoculated blanks.
Prepare twelve 20´150 mm tubes for each test sample solution. In triplicate, place 1, 2, 3, and 4 mL diluted test sample extracts into the tubes. Add water to each to a total volume of 5 mL. Add 5.0 mL folic acid-free double strength basal medium, C(uu), to each tube. Cover tubes to prevent bacterial contamination. Autoclave 6 min at 121°-123°C. Cool tubes as rapidly as possible to <40°C to minimize browning reactions between amino acids and sugars in the basal medium which darken the color and reduce the availability of essential amino acids, and to prevent injury to the inoculum. Treat all blanks, standards, and test solutions identically.
Aseptically inoculate each tube, except for one set of triplicate blank tubes (containing 0 mL standard extract) with a 50 mL drop working inoculum delivered from a sterile syringe fitted with a long needle. To ensure that drop falls onto surface of tube contents, angle syringe slightly. Incubate at 37°C for 22 h.
(b) Assay using optional 96 well microtiter plate.-(Note: To prevent contamination of sterile microtiter plates and solutions, be sure that bench area is clean and not susceptible to airborne contaminants. A biosafety hood will reduce the risk of contamination.)
Using 0.22 mm filter system, filter-sterilize phosphate buffer, pH 6.8, C(hh), and basal medium, C(uu), 2.5 mL of each solution per test sample plus ca 70 mL extra. Using 12 channel pipetter, pipet 150 mL buffer, pH 6.8, C(hh), to wells A1-H12 of sterile microtiter plate.
Pipet 150 mL standard extract (from F above) to wells G1-G2. For each sample extract, pipet 150 mL in duplicate into wells in row G, i.e., 150 mL sample one extract to each well G3 and G4, 150 mL sample 2 extract to G5 and G6, etc., up to G12. (Therefore, 5 sample extracts and one standard extract per microtiter plate can be run.) Mix contents of each well to homogeneity by using a 12 channel pipetter and repeating aspiration and delivery steps. Make serial dilutions (x2) of standard and samples by transferring 150 mL from wells G1-G12 to F1-F12, and mix; then from F1-F12 to E1-E12, etc. For samples A1-A12, withdraw 150 mL from each well after mixing, and discard.
Add 1 mL working inoculum per 1 mL folic acid-free basal medium. Mix well. Note: A minimum of 15 mL inoculated media (15 mL inoculum in 15 mL medium) is needed per plate (one standard and 5 samples). Prepare amount needed plus ca 70 mL extra. Add 150 mL inoculated basal medium to wells A1-H12. (H is the inoculated blank row.) Put plate into plastic bag, and seal. Incubate 22 h at 37°C. Place pan of water in incubator to ensure adequate humidity to inhibit evaporation of water from outer wells. Remove plate and let stand ca 30 min to equilibrate to room temperature.
Mix contents of each well using 12 channel pipetter by repeating aspiration and delivery steps until bacterial suspension becomes homogeneous. Read optical density of all wells on microtiter plate reader at 595 or 600 nm using inoculated blanks (H1-H12) as reference blank.
G. Calculations
Prepare standard concentration response curve by plotting average % T reading for each level of standard solution used against the amount of standard folate contained in the respective tubes. Determine amount of folate per mL for each sample tube by interpolation from standard curve. Discard any tubes with % T value for samples equivalent to <0.5 mL or >4.5 mL standard solution. Calculate concentration of folate in extract solution for the sample using the remaining tubes. Average the values obtained and calculate ±10% of the average. Accept tubes within the ±10% range, and if the number of tubes with acceptable values is ³2/3 of the original number of tubes used in the 4 levels of sample assay solution, calculate folate content in original sample from average of acceptable tubes. If £2/3 of tubes have acceptable values, then the assay must be repeated for the sample. Alternatively, computer programs designed and validated for the calculation can be used.
Optional microtiter plate reader.-Reduce data by plotting results and determining folate concentration in wells as above, or use appropriate data analysis software (Microplate Manager, BioRad, Richmond, CA, is suitable). Average the results of the duplicates.
H. Quality Assurance
Glassware must be low actinic and must be cleaned meticulously and heated 1-2 h at 250°C to destroy any folic acid residues. Folic acid should be stored in a desiccator prior to stock standard preparation. See 
Results and Discussion
Eighteen sets of data were received from 14 laboratories, including 5 sets for the microtiter plate turbidity end point measurement option. One laboratory submitted 2 sets of data for each of the method options, i.e., test tube and microtiter plate. At that laboratory, one analyst performed the test tube assay, while another analyst independently performed the microtiter plate assay. Therefore, the test tube and microtiter plate data sets were independent of each other, but the 2 sets of test tube data were not independent, and the 2 sets of microtiter plate data were not independent from each other. Therefore, one set of data of each type (test tube and microtiter plate) were selected by flipping a coin. Thus, data from only one tube set for Laboratory 1 and from one microtiter plate set from Laboratory 1 were used.
Data from one other laboratory (both test tube data and microtiter plate data) were at odds with the data from all the other laboratories, with some discrepancies exceeding the data from the other laboratories by more than an order of magnitude. That laboratory indicated they observed precipitates in their standard solution(s). Further attempts to resolve the reasons for the significant discrepancies proved futile; therefore, all the data from the laboratory were removed from statistical consideration. Laboratory 7 failed to provide data for 2 samples, indicating they misunderstood the labeling between the required and optional samples and ran 2 optional samples instead. Laboratory 4 provided no explanation for its missing Table 3 .
Statistical analysis was performed using standard statistical protocol, with outliers determined by the use of the 2-step Grubbs test. The results of the statistical treatment are shown in Table 2004 .05A. Grubbs outliers are noted in Tables 3 and  2004 .05A. The results of the collaborative study were excellent. For the required samples, the RSD R ranged from 7.4 to 21.6% for 8 fortified (or enriched) samples compared with expected (Horwitz equation-based) values of 11-20%. RSD R values were higher (22.7-52.9%) for 2 unfortified cereal-grain samples. For optional samples, the RSD R ranged from 1.8 to 11.2% for 8 fortified samples. RSD R values were higher (27.9-28.7%) for 2 unfortified cereal-grain samples. The variability for the method is well within that expected for analytes at this level, as evidenced by the Horwitz ratio (HORRAT column) which is within the expected range of 0-2 except for one sample, namely, the white corn tortilla chip (Figure 2) . The reason for the higher than expected variation for the white corn tortilla chips is unknown.
NIST SRM 1846 was included as part of the required sample set as a means of assessing accuracy of the methodology. The NIST mass fraction value for folic acid in this material is 1.29 ± 0.28 mg/kg. The mean value obtained by the collaborators was 1.45 ± .23, well within the expected range. The value obtained in the collaborative study is slightly higher than the NIST value. This may be due to the fact that only conjugase enzyme was used for the original establishment of the NIST value.
Finally, there was excellent agreement between the results of the method using test tubes versus microtiter plates for the determination step ( Figure 2) ; therefore, both can be used interchangeably and effectively.
Laboratories participating in the collaborative study were required to analyze the samples listed in Table 3 . In addition, each laboratory was provided with 10 extra optional samples (Table 4) to analyze if resources permitted, to provide a broader picture of method capability and performance. Seven sets of data were submitted to the Study Directors (Table 4) . Between-laboratory statistical analysis of the optional samples is shown in Table 5 . The data for the optional samples are in excellent agreement with those obtained for the other samples of the study, further indicating the breadth of applicability of the method to cereal matrixes.
Recommendations
In light of the excellent collaborative study results obtained with regard to between-and within-laboratory data, the Study Directors recommend adoption of the method as First Action by AOAC INTERNATIONAL, and as a First Approval Method of Analysis of the American Association of Cereal Chemists. 
